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ABSTRACT 

 

Silica (SiO2), the most abundant material on the earth, is a major component of the 

crust and mantle. Therefore the structure of silica affects the dynamic process of crust or the 

structural properties of the earth interior. The structure of silica changes not only by 

pressure-temperature change but also mechanical energy like friction without melting. To 

understand the properties of interior of rocky planets and the geological process, the 

detailed understanding of the structure of silica with various conditions is needed. In this 

study, we performed two major subject related to structure of silica.  

The first study is about atomistic origin of the mechanical amorphization of silica 

with an experimental methodology. There have been reported the reduction of fault strength 

during fault slip, and one of the causes is reported as the formation of the amorphous silica 

and the silica gel layer on the fault plane. The formation of amorphous silica is due to the 

frictional energy between the fault surfaces, and the formation of silica gel layer is due to 

reaction with the water present in the layer or air. In previous, studies on frictional 

experiments using quartzite rocks, reported the formation of silica and silica gel and also the 

decrease of friction coefficient, and the observation of the silica gel layer in natural faults has 

been reported. However, due to the complex structure of amorphous silica and the 

analytical method limitations, the atomic structure of the amorphized silica and the detailed 

origin of the mechanical amorphization process have not been clearly identified. In this 

study, silica was amorphized with mechanical energy by ball mill method, and the resulting 

amorphous structure was analyzed by high resolution nuclear magnetic resonance (NMR) 

spectroscopy. The morphology of the amorphized silica and the phases formed by other 

elements were analyzed using XRD, HR-TEM, and EDS-mapping method. 
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Solid-state nuclear magnetic resonance spectroscopy (NMR) is suitable for the 

analysis of complex amorphous structures because it yields atomic environments in short 

range order around specific atoms and provides quantitative information on atomic unit 

bonding. The 29Si MAS NMR spectra of amorphous silica milled at different rates present 

that the spectra of samples milled above 600 rpm show a broad amorphous peak over -80 to 

-120 ppm. These amorphous peaks indicate the presence of Q2 and Q3 structures in the 

mechanically amorphized silica. The results indicate that the mechanical amorphization of 

silica occurs only above a certain energy level, and that the amorphization process results in 

a change in the short range atomic structure and imply the presence of reaction with other 

elements. This results help to understand the atomic structure of the mechanically 

amorphized silica and the mechanical amorphization process that occurs without melting in 

the fault plane. 

The second study is an electronic structure and detailed origin of spectral feature of O 

K-edge XRS for crystalline silica using computational computation. Crystalline silica 

undergoes various phase transition according to pressure-temperature change. Therefore, 

many studies on the structure of high-pressure phase silica have been reported to 

understand the internal structure of rocky planets in high temperature and high pressure 

environment. The most powerful method of in situ high-pressure study for electronic 

structure is O K-edge x-ray Raman spectroscopy (XRS) using diamond anvil cell and as 

experimental limitation above ~70 GPa, the computational methods is used to understand 

the XRS spectrum. However, the detailed relation between spectral feature of O K-edge XRS 

and structure is still in debate. 

In this study, we calculated electronic structures and O K-edge XRS spectra for 

various crystalline silica using ab initio calculation, and proved the origin of O K-edge XRS 

spectrum. Previous studies have suggested that the origin of the O K-edge XRS spectrum is 
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attributed to the number of Si atoms or the number of O atoms. However, in this study, we 

have found that the O K-edge XRS spectra of hp-cristobalite with 4-coordination Si, of penta-

SiO2 with 5-coordination Si and of stishovite with 6-coordination Si are similar, and O site 

resolved K-edge XRS spectra the penta-SiO2 revealed that the coordination of atoms does not 

directly affect the O K-edge XRS spectral feature. These results not only provide an 

understanding of the electronic structure of high-pressure phase silica, but also provide clear 

criteria for O K-edge XRS spectral analysis. 

 

Keywords: silica, nuclear magnetic resonance (NMR), ball mill, mechanical amorphization, 

high-pressure phase, ab initio calculation, O K-edge XRS.  
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1. INTRODUCTION 

 

Silica (SiO2) is one of the most abundant natural materials in the Earth’s crust and 

mantle, and has long been studied because of their importance in geology as well as material 

science. Even though the chemical composition of silica is very simple, the structures vary 

considerably, upon which their properties depend, with changing P-T conditions and 

dynamic process of the Earth. For instance, the dynamic movement of crust, accompanied 

by enormous friction with large kinetic energy, also cause the structural changes of silica 

(crystalline amorphous) (Nakamura et al., 2012), which commonly occur with hydration 

in natural fault zones. The crystalline structure of SiO2 change with increasing pressure (�-

quartz  coesite  stishovite  CaCl2-type �-PbO2-type  pyrite-type) 

(Kuwayama et al., 2011; Wu et al., 2011), and these structural changes accompanied by 

changes in the Si coordination cause changes in properties such as elastic constants. Despite 

these geological significance and importance, many questions related to the structure of SiO2 

have not yet been solved. In this study, we range over the two topics of detailed SiO2 

structure using experiment and calculation methods. 

The first section presents the atomistic origin of mechanical amorphization 

mechanism of SiO2. The frictional weakening of fault during slip has been reported in many 

studies. This frictional strength reducing mechanism is call the slip weakening and various 

processes have been suggested as causes (gauge lubrication, thermal decarbonation, 

frictional melting and silica gel formation). Since most of the rocks are composed of SiO2, 

there are many studies on the silica amorphization and silica gel formation due to friction 

(Di Toro et al., 2004; Power and Tullis, 1989). However, due to the complexity of the 

amorphous structure and the limitation of spectroscopy, the understanding of detailed 
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knowledge about mechanical amorphization process of SiO2 is still unclear. Therefore we 

report the detailed analysis of mechanically amorphized structure of SiO2, with different 

mechanical energy using ball mill method, using solid-state nuclear magnetic resonance 

(NMR), which provides the short-range structure of specific atom making possible to 

understand the amorphous structure.  

The second section presents the electronic structure of crystalline SiO2 polymorphs 

and O K-edge x-ray Raman scattering (XRS) spectrum of each crystal phase. Since SiO2 is the 

most fundamental component in both Earth and super-earths, which consist of rocky 

materials, understanding of the structural change of SiO2 is essential to understand the 

internal structure of those planets. The electronic structure of SiO2 high-pressure phase can 

be explored by O K-edge XRS using high-pressure diamond anvil cell (DAC) experiment or 

ab initio calculation (Fukui et al., 2009). However the clear link between the spectral feature 

of O K-edge XRS and crystalline SiO2 structure has not been suggested. Therefore we report 

the O K-edge XRS spectrum for SiO2 polymorphs, which possess Si coordination of five and 

six, and the precise origin of O K-edge XRS spectrum. 
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2. THEORETICAL BACGROUNDS 

 

2.1 NMR techniques 
 

Nuclear magnetic resonance (NMR) is an element-specific probe, which provides 

molecular structure of specific element from interaction of the nucleus spin and magnetic 

fields. The fundamental principle of NMR is similar to that of the magnetic resonance 

imaging (MRI), the differences between two methods are the strength of magnetic field of 

the machine and the size of samples. The samples used for MRI are usually humans and 

animal, while for NMR are various experimental liquid or solid compound which size range 

millimeters to a few centimeters. The magnetic field of clinical MRI almost are 1.5 T (Tesla) 

and 3.0 T, while that of NMR ranges from 4.7 to 23.5 T. 

The NMR have been used to analysis crystal structure of organic compounds in 

liquid phase, However the nuclear spin in solid-state does not tumble in random direction 

as they do in liquid-state, and which cause the quadrupolar coupling effect broadening line-

widths of NMR spectrum. To overcome this quantum mechanical perturbation, special 

techniques like magic angle spinning (De La Pierre et al.), dynamic angle spinning (DAS) 

and multiple quantum transition MAS (MQMAS) developed and allowed studies in solid-

state NMR (SSNMR) increase. Since those techniques developed, NMR spectroscopy has 

become one of the important methods to study geology and material science.  

Because NMR can detect nuclear magnetism which is very weak but sensitive to 

electronic structural change of material, its utility for characterizing structure of amorphous 

material and glasses is superior to any other spectroscopic methods. Furthermore, because 

NMR detects specific nuclear magnetism, it can provide the relative amount of specific 

elements (i.e. relative amount of aluminum in aluminosilicate) and distinguish the relative 
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amount of aluminum which exist in different coordination. In addition, using H1 MAS 

NMR, we can distinguish acidic site. 

 

2.2 Ball mill method 

There are various kinds of milling methods depending on capacity, additional 

arrangements for cooling and heating, and all have been used to make various alloy 

powders or ceramic powders. In this paper, however, only the method we used in the 

experiment (planetary ball mill) is explained. The term ‘planetary ball mill’ originated from 

its planet-like movements of its vials (movement of orbit and rotation of planets). The 

centrifugal forces produced by both the vial and the support disk act on the sample inside of 

the vial, because the rotation axis of vial is arranged on the end of the bottom disc and the 

direction of rotation of the vials is opposite to that of the lower disc, and rotate alternately. 

The grinding balls inside the rotating vial moves along with the vial wall and causing 

friction to the materials (the friction effect), or falling off the vial wall and colliding with the 

materials on the opposing inside wall (the impact effect) (Suryanarayana, 2001).Thus, the 

faster the spinning speed, the higher mechanical energy can be applied to the sample, and 

the higher mechanical energy applied to the sample produces amorphous alloy powder of 

metals with a high activation energy barrier or amorphous ceramic powder in metastable 

states. This mechanism applies high mechanical energy to the materials and produces 

amorphous alloy powder of metals with a high activation energy barrier or amorphous 

ceramic powder in metastable state. There are eight types of substances used to make vials 

and ball (agate, silicon nitride, sintered corundum, zirconia, chrome steel, Cr ± Ni steel, 

tungsten carbide, and plastic polyamide) (Suryanarayana, 2001), and all of which are 

resistant to friction and impact and are not easily react with the sample materials. 
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2.3 Ab initio calculations 

The word ‘ab initio’ is a Latin term meaning the start from the beginning, and the Ab 

initio calculation, which also used called as first-principle methods, solves equations with 

only fundamental law of nature and no empirical relations. Most of the quantum chemical 

calculations is based on ab initio techniques, because the detailed correlations of quantum 

particles are only explicable in terms of math. Understanding of the electromagnetic 

interactions within the structure is essential to understand the electronic structure of matter 

and the ab initio calculation derives the electronic structure of interest object by solving the 

wave equation, which explains the electromagnetic interactions among electrons and 

protons. 

However, the present computer technology still has many limits in solving the 

complex wave equation, which have to consider all the interactions between electrons. 

Therefore ab initio calculation use modeling methodology called density function theory 

(DFT), one of the most prevalent methods to process ab initio calculations, considering 

many-electron system as electron density and increase the computational efficiency. 

Specifically using DFT the many-body problem of interaction electrons becomes simple by 

presume electrons as electron density with Kohn-Sham equations, and which make 

computing resources for calculations much less(Kohn and Sham, 1965; Schwarz, 2003; Tse, 

2002). Then the calculation became more efficient by approximating both exchange energy 

and correlation energy with an exchange-correlation potential. 

In the electronic structure calculation using the DFT theory, the approximation 

method of exchange-correlation energy determines the accuracy of the ab initio calculation. 

The local density approximation (LDA) is the most simple approximation method of 

electronic structure, which approximates the exchange-correlation function only using 

electron density (���) making calculation efficient, and show good calculation results for 
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materials with small number of electrons and small changes in electron density. Since the 

generalized gradient approximation (GGA) method, on the other hand, express the 

exchange-correlation function as a function of the electron density (���) and the derivative of 

electron density ( ���), present more accurate electronic structure for low-z elements 

materials, made of atoms with a small number of electrons. In this study, we calculated 

using GGA-PBESOL method, which is one of the most optimized GGA methods for 

calculating the electronic structure of solid materials, proposed by Perdew, Berke and 

Ernzerhof (Perdew et al., 2008). 

The two methods for calculate the electron orbital, pseudo-potential (PP) method 

and the FP-LAPW method, are widely used in the first principle calculation studies. The PP 

method increases the calculation efficiency by approximating interaction between core and 

core electron as the pseudo potential. For this reason, PP method is not suitable for 

calculation of core level spectroscopy, which stems from the excitation of core electrons and 

has strong correlation with the electronic structure near the atomic nucleus, such as nuclear 

magnetic resonance (NMR) spectroscopy or x-ray Raman scattering (XRS). On the other 

hand, the FP-LAPW method expresses all electrons, including core electrons, using the 

LAPW basis function and not approximates the core electrons as a quasi-potential, and 

which makes it suitable for calculation of the core level spectroscopic spectra like NMR or 

XRS. In this study, therefore, we used the WIEN2k program which use FP-LAPW method to 

calculate O K-edge XRS spectra for SiO2 polymorphs (Blaha et al., 2001; Schwarz, 2003). 
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3. ATOMISTIC ORIGINS OF MECHANICAL AMORPHIZATION BY BALL MILL 

EXPERIMENTS: INSIGHTS FROM Si-29 NUCLEAR MAGNETIC RESONANCE 

 

3.1. Introduction 

SiO2 is the most basic Earth-material composed of Si and O, which are the most 

abundant elements in the crust, and directly related with the dynamic process of the crust. 

The frictional strength between the fault planes, the change of which are caused during the 

fault slip, has been an important subject in fault mechanism studies. The slip weakening is a 

fault mechanism of fault strength weakening during accelerated slip in the fault plane. These 

dynamic reduction of fault strength can cause serious earthquake rupture and has been 

studied by many theory and laboratory experiments. The formation of gauge (fine-gran rock 

powder formed by friction on fault plane) have been reported, by rotary shear experiment 

on granite disk, as one of the causes of slip weakening by acting as lubrication on fault plane 

(Reches and Lockner, 2010). The thermal decomposition of carbonate has been reported as a 

process for slip weakening, as this process produce nanometer sized fine particle (Han et al., 

2007). The frictional melting with the formation of pseudo-tachylytes also suggested as the 

reason of dynamic weakening of faults (Kanamori et al., 1998). 

In addition, since quartz is one of the most abundant minerals that constituting the 

Earth’s crust, there have been many studies on slip weakening with quartz rocks. The 

extraordinary progressive decrease of frictional strength of quartz rock with slip velocity 

above 1 mms-1 have been reported, and the formation of a thin layer of silica gel is suggested 

as the reason of reduction of frictional resistance, and the formation of silica gel appears to 

be due to the formation of amorphous SiO2 on the frictional plane. (Di Toro et al., 2004; Di 

Toro et al., 2011). The formation of amorphous silica and decrease of frictional resistance on 

quart rock, even under a small load (1N), have been reported using FT-IR and Raman 
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mapping, and they also suggested under high pressure condition the amorphization could 

occur even in a smaller slip distance, which could trigger the accumulation of glassy gouge 

during aseismic fault creep or slow slip events (Nakamura et al., 2012). Furthermore, the 

observation of a natural silica gel layer (composed of ~100 nm to 1 nm grains of quartz, 

hydrous crystalline silica and amorphous silica with 10-100 nm inclusion of Fe oxide and 

ellipsoidal silica colloids.) on fault surface at Corona Height fault has been reported, 

confirming that the reported silica gel formation in shear experiments really do occur on 

natural fault plane (Kirkpatrick et al., 2013). 

There are many friction experiments and the observation in the natural fault of 

quartz rock have reported the formation of silica gel and amorphization of SiO2, with its 

importance on the slip weakening mechanism. However, few have been studied on 

atomistic analysis of origins of mechanical amorphization of silica, because many 

spectroscopic method doesn’t provide detailed short-range structure of amorphous 

materials. So the understanding of the detailed process by which crystalline SiO2 

mechanically becomes amorphous SiO2 remains unclear. 

Here we report the detailed analysis on mechanical amorphization process of SiO2 

using high-resolution solid-state Si-29 MAS NMR, which can yields the information of short-

range structure near Si atoms. Using ball mill method, powerful method for synthesis 

amorphous alloys and ceramic amorphous phases in powder form, amorphous silica was 

produced without any melting process. Amorphous SiO2 was formed without any melting 

process by using the ball mill method at four speeds (200, 400 600, and 800 rpm) for the 

analysis of the relation between different mechanical energy upon SiO2 and amorphization 

mechanism.
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3.2. Experiments 

 
3.2.1 Sample Preparation and Analysis  

The crystalline SiO2 powder (�-quartz, from sigma-aldrich) was prepared to perform 

the mechanical amorphization experiments using planetary ball mill method. The crystalline 

SiO2 powder and ball milled SiO2 powders (with different four milling speed) were analyzed 

using Si-29 MAS NMR, x-ray diffraction and field emission scanning electron microscope 

(FE-SEM) to confirm its morphology and figure out its detailed structure. Also the chemical 

characteristics and detailed morphology of the ball milled SiO2 powder was investigated 

with additional different techniques, high resolution transmission electron microscope (HR-

TEM) and energy dispersive x-ray spectroscopy mapping. 

 

3.2.2 Planetary Ball Mill 
 

The samples were ball milled in a planetary ball mill machine (model 

PULVERISETTE 7 manufactured by FRITSCH GimbH in Germany) at Electrochemical 

Energy Conversion & Storage Laboratory. The vials that contain the sample and grinding 

balls are all made of ZrO2. Prior to the milling experiments, the fumed silica (~14 nm) was 

milled at 800 rpm for 10 h to completely clean the inside of the vials to prevent any chemical 

reaction between the sample and impurities during the ball milling process. In order to 

confirm the amorphization mechanism of SiO2 with increasing mechanical energy, 

experiments were performed for four different milling rotational speed (200, 400, 600 and 

800 revolution per minute, rpm). All experiments were performed for 5 hr net milling time, 

and to prevent overheating of the ball mill machine, 30 min was given as rest time in every 

30 min milling time, so each milling experiment was conducted for 10 hr in total. The sample 

amount is 600 mg and ball is 9.2 g, so ball to powder ratio (BPR) is about 15. We also 
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performed experiment with the inside of the vial filled with Ar air, in order to compare the 

experiment with prevented SiO2 from reacting with H2O component in the air during the 

ball milling process. The Ar environmental milling experiment was prepared by drying the 

crystalline SiO2 at 120 °C for 12 h and then sealing the vial in the Ar environment, and ball 

milled with 800 rpm for 10 h. All ball milled SiO2 samples are fine white powder composed 

of particles smaller than few tens of nanometers. 

 

3.2.3 NMR Spectroscopy 
 

Si-29 MAS NMR spectra for ball-milled SiO2 were collected on a Varian400 MHz 

solid-state spectrometer (9.4 T) at a Larmor frequency of 79.4705 MHz using Doty MAS 

prove with 4 mm zirconia rotor (spinning speed of 12 kHz). All spectra were referenced to 

tetrametylsilane (TMS). A single-pulse sequence with an approximately 30-degree pulse (1.6 

����	
�
���
��������
�
���
�������
�	
�
���
�
�
������������������
�����������
���

amorphous structure and 4200s to check crystalline structure. 

 

3.2.4 X-ray Diffraction 
 

X-ray Diffraction (XRD) experiments were performed with Rigaku Minflex 300/600 

using Cu K�����������!	�"
�
�����#�$�1.6 %). Data were collected at room temperature in 

the angular range 5-'�*����+:�������
��
��

��<�+*�	�����������������
<�=�
�"�����
 and 

current are 40 kV and 15 mA, respectively. The step speed for ball-milled SiO2 was 1.0°.  
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3.3. Results and Discussion 

3.3.1. TEM EDS 

Figure 1 shows the images of 600 rpm ball milled SiO2 particles and the EDS 

mappings for Si, O and Zr elements. The particle size of ball milled SiO2 is not homogeneous 

and most of the particles are smaller than 1 nm. While the specific element EDS mapping 

images show that the most part of the sample consist of Si and O element, indicating 

amorphous and crystalline SiO2. The Zr elements EDS mapping represents the Zr peaks are 

scattered on the ball milled SiO2 particles and ZrO2 fragments. The bright part in dark field 

TEM image is the part composed of Zr elements with relatively many electrons. These 

images suggest that during the milling of crystalline SiO2 with ZrO2 balls, with milling 

speed of 600 rpm, accompany breakages of ZrO2 balls 

 

3.3.2. X-ray Diffraction Patterns 

Figure 2A presents the XRD pattern for crystalline SiO2 (�-quartz) and ball milled 

SiO2 with different condition and same milling speed of 800 rpm. The Ar environment ball 

milling was performed to investigate any H2O effects on mechanical amorphization during 

ball milling. Although there are significant increase of amorphous structure on SiO2 after 

severe milling, XRD pattern still indicate the existence of crystalline SiO2, without any 

evidence for H2O effects. However, XRD patterns for the ball milled SiO2 with milling speed 

of 800 rpm show the existence of ZrO2 component, which must came from the grinding 

medium, ZrO2 balls. Figure 2B shows the XRD pattern for crystalline SiO2 and ball milled 

SiO2 with different milling speed, 200, 400, 600 and 800 rpm. The crystalline SiO2, prior to 

ball-milling, shows sharp di�����������
��������-quartz. These results also represent the 

increase of amorphous phases with increase of milling speed and especially rapid increase of 
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amorphization above 400 rpm. Also, the ZrO2 fragment increase with increasing milling 

speed because increase mechanical energy caused more breakages on ZrO2 balls. 

 

3.3.3. Si-29 MAS NMR 

Figure 4 shows the 29Si MAS NMR spectra of ball milled SiO2 with delay time of 10 

sec. While all other 29Si MAS NMR spectra of ball milled SiO2 show clear amorphous phases 

with broad peak ranging from – 120 ppm to -80 ppm, the 29Si MAS NMR spectrum of ball 

milled SiO2 with 200 rpm shows single sharp peak at -107.5 ppm, confirming there were 

little mechanical amorphization with 200 rpm and it still mostly consist of crystalline �-

quartz. Considering that the Q2 and Q3 species positions in 29Si MAS NMR spectrum are -

91.4 and -101.6 ppm respectively(Kim and Lee, 2013), the amorphous structure of ball milled 

SiO2 consist of Q2, Q3and Q4 species, which suggest mechanical energy caused increase of 

short range disorder in SiO2 

Figure 5 shows the 29Si MAS NMR spectra for ball milled SiO2 with 200 rpm and 800 

rpm and ball milled SiO2 with 800 rpm in Ar environment, with delay time of 4200 sec to 

investigate the crystalline structure in amorphous SiO2. While the 29Si MAS NMR spectra of 

both 800 rpm ball milled SiO2 show distinct broad spectrum of amorphous SiO2, crystalline 

peak at -107.5 ppm still exist, indicating the complicated structure of amorphous and 

crystalline phases. This Ar-environment milling experiment was designed to confirm any 

H2O in atmosphere effects on mechanical amorphization mechanism. As there are any 

spectral difference between ball milled SiO2 and Ar-environment ball milled SiO2, we can 

confirm there were little influence of H2O in atmosphere. 

Figure 6 shows the 29Si MAS NMR spectra for ball milled SiO2 with different milling 

speed. While all spectra show clear peak of crystalline -quartz at -107.5 ppm, the spectra of 
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600 rpm and 800 rpm ball milled SiO2 show distinct broad peak ranging from -120 ppm to -

80 ppm, indicating structure of amorphous SiO2 possess reduced Q species. These results 

indicate amorphous structure of SiO2 increase with increasing mechanical energy, and the 

short range scale disorder increase with increase of Q2 and Q3 species. 

 

3.4. Conclusion 

In this study, we explored the detailed structural changes in mechanically 

amorphized crystalline SiO2 using Si-29 MAS NMR, and the chemical composition and 

morphology change using, XRD, EDS-mapping and HR-TEM. Si-29 MAS NMR spectra 

show the increase of Q2 and Q3 species with increased mechanical energy, and along with 

the XRD pattern, mechanical amorphization occur only when the mechanical energy is 

stronger than a certain level by sufficient rotational speed. The presence of Q2 and Q3 species 

represents a distinct amorphous structure formed by mechanical amorphization without 

melting, and implying that chemical reactions are involved in the process of mechanical 

amorphization. This study provides an understanding of the mechanical amorphization 

mechanism of SiO2 and an understanding of atomistic origin of the formation of amorphous 

SiO2 layer on fault plane. 
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4. AB INITIO CALCULATIONS OF LOCAL ELECTRONIC STRUCTURES AND X-RAY 

RAMAN SCATTERING SPECTRA FOR SiO2 HIGH PRESSURE PHASE 

  

4.1 Introduction 

SiO2 is one of the most abundant oxide components in the Earth and rocky planets 

and because of its fundamental applications to various chemical components, it also plays 

an important roles in condensed-matter physics, electronic material engineering, solid-state 

physics and computational science (Arai et al., 2003; Cohen, 1993; Pirkle et al., 2011; 

Tsuchiya, 2011; Yonehara et al., 1984). The crystalline SiO2 undergoes a sequence of phase 

transitions with changing pressure and temperature (Kuwayama et al., 2011; Wu et al., 

2011). The knowledge of electronic structures and physicochemical properties associated 

with those crystalline phases is essential not only for elucidating the properties of advanced 

ceramic materials, but also the Earth differentiation from the early stage of bulk silicate 

melts, the mantle structure of the present Earths and super-Earth with extremely high 

pressure (Cataldo et al., 2016; Ito et al., 1984; Kuwayama et al., 2011; Nettelmann et al., 2011; 

Sun, 1987; Tsuchiya et al., 2004; Tsuchiya, 2011; Wu et al., 2011). 

The presence of SiO2 and the formation mechanism of it in the Earth’s interior have 

been proposed from many studies An studies for the Earth structure at the lower mantle 

conditions reported mid-ocean-ridge basalt (MORB) is composed of 10-20 % amount of free 

SiO2, differing from the peridotitic composition (Andrault et al., 2014; Kesson et al., 1994; 

Ono et al., 2001; Tsuchiya et al., 2004). The other studies also suggested free silica could be 

also produced as the result of the subducting crust sinks into the deep mantle (Driver et al., 

2010; Kesson et al., 1994; Tsuchiya et al., 2004; Vinnik et al., 2001) or the reaction between the 

bridgmanite of the mantle and the molten Fe of the liquid outer core (Driver et al., 2010; 

Knittle and Jeanloz, 1991; Tsuchiya et al., 2004). In addition to those studies, the knowledge 
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of high-pressure SiO2 polymorphs became more important in seismology and geophysics as 

the ab initio calculation studies suggested the transition condition of stishovite-CaCl2 

corresponds to the 1670 km depth where certain seismic anomaly being observed beneath 

the subduction zone (Andrault et al., 1998; Cordier et al., 2004; Hirose et al., 2005; 

Kaneshima and Helffrich, 1999; Karki et al., 1997; Kingma et al., 1995), and the transition 

condition of CaCl2-�-PbO2 corresponds to the depth of D” layer, close to the core-mantle 

boundary (Hirose et al., 2005; Knittle and Jeanloz, 1991; Murakami et al., 2003; Tsuchiya et 

al., 2004). 

The pressure-induced structural phases of SiO2 can be understood by a wide range of 

atomistic origin studies for their electronic structures. In situ x-ray Raman scattering (XRS) 

uses inelastic hard x-rays to excite electrons near core of atoms and which makes it as one of 

the powerful methods to investigate local electronic structure of light elements, e.g., Be 

(Sternemann et al., 2003), B2O3 (Lee et al., 2005b), graphite (Mao et al., 2003), and solid 

oxygen cluster (Meng et al., 2008), and especially under extreme conditions like high 

pressure (Fukui et al., 2008; Hiraoka and Cai, 2010; Krisch and Sette, 2002). In this regard, 

the studies for high-pressure induced phase change of SiO2 using in situ high-pressure XRS 

became one of the many ways to explore the interior of the Earth (Fukui et al., 2009; Lin et 

al., 2007; Yi and Lee, 2012a, 2016). 

However, the current in situ high-pressure XRS studies cannot be extended above ~70 

GPa because of the experimental limitation stems from the x-ray beam size, the sample 

amount, and the scattering geometry in a diamond anvil cell. For the further high pressure 

XRS studies, overcoming those experimental limitations, ab initio calculations based on 

density functional theory (DFT) have been used in many studies (Wu et al., 2012; Yi and Lee, 

2012a). Nevertheless the detailed atomistic origins of O K-edge XRS spectrum is still not 

clear. 
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Aiming to extend the studies on O K-edge XRS studies for SiO2 and clarify the link 

between spectral features and detailed origins, here, we calculated the O K-edge XRS spectra 

for nine crystalline SiO2 polymorphs(�-quartz, �-quartz, �-cristobalite, coesite, hp-

cristobalite, penta-SiO2, stishovite, CaCl2-type, pyrite-type) using WIEN2k program package 

based on the full-potential linearized augmented plane wave (FP-LAPW) method. We also 

calculated the radial distribution functions and the partial densities of states (PDOS) of 

electrons for both ground state and excited state. The calculated spectra of XRS and PDOS 

allow further understanding on electronic structure of silica polymorphs under ultra-high 

pressure. 

 

4.2 Ab initio calculations 

4.2.1 Crystal structures 

Calculated crystalline structure of SiO2 polymorphs were obtained from previous 

experiments and theoretical studies [�-quartz(Will et al., 1988), �-quartz(Kihara, 1990), 

coesite(Levien and Prewitt, 1981), �-cristobalite(Schmahl et al., 1992), hp-cristobalite(Huang 

et al., 2006), penta-SiO2(Badro et al., 1997), stishovite(Yamanaka et al., 2002), CaCl2-

type(Andrault et al., 1998), pyrite-type(Kuwayama et al., 2005) ]. Detailed structures of SiO2 

polymorphs used in this studies are listed in Table 1. Four of the nine crystalline SiO2 

polymorphs (which are relatively low-pressure polymorphs than the others), �-quartz, �-

quartz, coesite, �-cristobalite and hp-cristobalite consist of SiO4 tetrahedron as their building 

units of crystal and only corner sharing oxygen exist. The structure of coesite is especially 

different from those SiO4 unit polymorphs. The Si atoms in coesite consist of two 

crystallographically inequivalent sites (Si1 and Si2), and the O atoms have five sites with 

���
�
������
��!\�^\+^\_^\`^\{�$��^�^+^+^+�<�\�
������
����
�����������
�|�\2 polymorphs, 
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penta-SiO2 is induced by deviatoric stresses (nonhydrostatic pressure, 27 GPa along the c 

axis and 20 GPa in the a, b plane) and consist of SiO5 polyhedral which has five coordinated 

Si atoms. The O atoms in penta SiO2 have two crystallographically inequivalent sites with 

���
����
�!\�^\+�$��^���}������
�
���������������[2]O (corner sharing) and [3]O (edge 

sharing). The other three polymorphs, stishovite, CaCl2-type and pyrite-type consist of SiO6 

octahedron as their building unit with six coordinated Si and every O atoms are three 

coordinated([3]O). 

 

4.2.2 Calculation conditions 

 In this study we used the WIEN2k as calculation program package based on the full-

potential linearized augmented plane wave+local orbitals (FP-LAPW+lo) method(Blaha et 

al., 2001). Unlike some other calculation methods consider only valence electrons, FP-

LAPW+lo method describes all the electronic states of an atom by classifying into three 

regions (core states, valence states and semi core state), and which make it become as a one 

of the most powerful methods to calculate core-level spectroscopy. The Perdew-Berke-

Ernzerhof for the solid (PBESOL) based on the generalized gradient approximation (GGA) 

method was used as the exchange-correlation functional to describe the short-range 

electronic interactions (Perdew et al., 2008; Yi and Lee, 2012a, 2016). The Muffin-Tin radius 

(RMT) which decide atomic radius was arranged as ~1.44–1.62 Å, automatically based on 

atomic distances in unit cell by WIEN2k program. The cutoff energy for separation of core 

and valence states electron is -6.0 ~ -�<�����!�����$��_<��
�������-7.1 Ry threshold including 

the Si 2p-orbital as a valence state during self-consistent field (SCF) calculations prevents 

potential leakage of core electrons from the M-T sphere. The largest vector in the Fourier 

expansion of charge density (GMAX) was set to 14.0. To calculate the electronic structure of 

SiO2 polymorphs we used the number of inequivalent k-points in the irreducible Brillouin 
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zone range 8~48, depending on the number of atoms in each unit cell. The SCF calculations 

were carried out using the convergence criteria of 10-4 Ry for the total energy and 10-3 e for 

the charge (Yi and Lee, 2012a, 2016) . 

  

4.2.3 PDOS and O K-edge XRS calculations 

 The both ground state and excited state PDOS for each orbital of the atoms were 

calculated to analyze the O K-edge XRS spectra and electronic structure of SiO2 polymorphs. 

The PDOS for ground state SiO2 phases were performed with unit cell structures, without 

any modification for electronic structure and calculated for each crystallographically 

inequivalent atoms as well as the PDOS for the total electronic structure. The excited state 

PDOS and O K-edge XRS calculation for SiO2 polymorphs were performed with super cell 

structure, expanding the original unit cell in three dimensions, and modified the 1s orbital 

electron of specific one O atoms for each SiO2 polymorphs, to describe the excited state O 

atom. Also, the excited state PDOS and O K-edge XRS were calculated for each 

crystallographically inequivalent oxygen site, which has excited 1s electron, in the crystals to 

investigate the link between spectral features and atomistic origins, considering their 

existence rates !��
���
�\�^\+^\_^\`^\{�$��^�^+^+^+, penta-SiO2 \�^\+�$��^���������
����
����
�

����
���\|������������������������
���"��
��������������
�������
���
��������������
��|��^|�+�$�

1:1). 

The ground-state PDOS calculations are presented in the range of -30 to 30 eV, while 

the excited state PDOS calculations are 0 to 30 eV, and each spectrum is presented with the 

full-width at half maximum (FWHM) Gaussian broadening factor of 0.005 eV. The O K-edge 

calculations used binding energy of ~538.25 eV, and considered both dipole transition and 

multiple transition, and FWHM Gaussian broadening factor of 0.005 eV and are presented in 

the energy range of 0 to 30 eV. 
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4.3 Results and Discussion 

  4.3.1 O K-edge x-ray Raman scattering 

Figure 7 (a) shows O K-edge XRS spectra of coesite for each crystallographically 

inequivalent oxygen sites (black solid) and total O K-edge XRS spectrum (red solid). The 

total oxygen coesite O K-edge XRS feature are similar to those of �-quartz, these features are 

known to stems from the excitation of 1s-state core electron of oxygen into the sp-hybridized 

state between the oxygen 2p-state and the silicon 3s- and 3p-state (Yi and Lee, 2012b). The O 

K-edge XRS spectra of coesite were calculated with their existence rates of five 

crystallographically distinct oxygen sites, which are only consist of bridging oxygen. 

Although those five crystallographically distinct corner-sharing oxygen have same Si 

coordination and in the same crystal unit, each O K-edge XRS spectrum features are quite 

different in the energy range above 11 eV, and this result suggest that the energy range 

above the ~11 eV represent the crystallographic structural variations like bond angels and 

bond lengths ([4]Si-[2]O-[4]Si and Si-O).  

 Figure 7 (b) shows O K-edge XRS spectra of penta-SiO2 for each crystallographically 

inequivalent oxygen sites (black solid) and total O K-edge XRS spectrum (red solid). The 

calculated total O K-edge XRS spectrum for penta-SiO2 (red solid) shows apparent double 

peaks. O K-edge XRS spectrum of each crystallographically inequivalent oxygen shows quit 

similar spectral features regarding their coordination difference between O1 ([3]O) and 

O2([2]O). This result suggest important standard of analysis to O K-edge XRS spectrum, 

representing the coordination of oxygen is not an impactful factor. 

 Figure 7 (c) shows the total O K-edge XRS spectra of SiO2 high pressure phases. 

Except the O K-edge XRS spectrum of hp-cristobalite, all SiO4 tetrahedral based crystal 

structure with [4]Si present a dominant feature at ~8.7 eV. While the dominant feature at ~8.7 
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eV is shown as common spectral feature for �-quartz, �-quartz, �-cristobalite, and coesite, 

small features above ~11 eV are differ with crystal structure. In this regard, the results of 

small features above ~11 eV imply that these features stem from crystalline structure. On the 

other hand, the O K-edge XRS spectrum of hp-cristobalite, showing clear double peaks, is 

much more similar to that of the penta-SiO2 or stishovite, consisting of [5]Si and [6]Si 

respectively. While other previous studies suggested that spectral difference of O K-edge 

XRS could arise from coordination of silicon(Lin et al., 2007), this result prove that the 

spectral features of O K-edge XRS are independent with the silicon coordination. 

 

4.3.2 Correlation between spectrum and crystal structure 

Figure 7 (a) shows O K-edge XRS spectra of coesite for each crystallographically 

inequivalent oxygen sites (black solid) and total O K-edge XRS spectrum (red solid). The 

total oxygen coesite O K-edge XRS feature are similar to those of �-quartz, these features are 

known to stems from the excitation of 1s-state core electron of oxygen into the sp-hybridized 

state between the oxygen 2p-state and the silicon 3s- and 3p-state (Yi and Lee, 2012b). The O 

K-edge XRS spectra of coesite were calculated with their existence rates of five 

crystallographically distinct oxygen sites, which are only consist of bridging oxygen. 

Although those five crystallographically distinct corner-sharing oxygen have same Si 

coordination and in the same crystal unit, each O K-edge XRS spectrum features are quite 

different in the energy range above 11 eV, and this result suggest that the energy range 

above the ~11 eV represent the crystallographic structural variations like bond angels and 

bond lengths ([4]Si-[2]O-[4]Si and Si-O).  

 Figure 7 (b) shows O K-edge XRS spectra of penta-SiO2 for each crystallographically 

inequivalent oxygen sites (black solid) and total O K-edge XRS spectrum (red solid). The 

calculated total O K-edge XRS spectrum for penta-SiO2 (red solid) shows apparent double 
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peaks. O K-edge XRS spectrum of each crystallographically inequivalent oxygen shows quit 

similar spectral features regarding their coordination difference between O1 ([3]O) and 

O2([2]O). This result suggest important standard of analysis to O K-edge XRS spectrum, 

representing the coordination of oxygen is not an impactful factor. 

 Figure 7 (c) shows the total O K-edge XRS spectra of SiO2 high pressure phases. 

Except the O K-edge XRS spectrum of hp-cristobalite, all SiO4 tetrahedral based crystal 

structure with [4]Si present a dominant feature at ~8.7 eV. While the dominant feature at ~8.7 

eV is shown as common spectral feature for �-quartz, �-quartz, �-cristobalite, and coesite, 

small features above ~11 eV are differ with crystal structure. In this regard, the results of 

small features above ~11 eV imply that these features stem from crystalline structure. On the 

other hand, the O K-edge XRS spectrum of hp-cristobalite, showing clear double peaks, is 

much more similar to that of the penta-SiO2 or stishovite, consisting of [5]Si and [6]Si 

respectively. While other previous studies suggested that spectral difference of O K-edge 

XRS could arise from coordination of silicon(Lin et al., 2007), this result prove that the 

spectral features of O K-edge XRS are independent with the silicon coordination. 

 

4.4 Conclusion 

In this study, we report the electronic structure of various SiO2 polymorphs and 

detailed origin of the O K-edge XRS features for SiO2 polymorphs, and provide the clear link 

with the crystal structures, using WIEN2k program package. The O K-edge XRS of hp-

cristobalite and penta-SiO2 show clear double peak shape which is similar with that of the 

stishovite, six coordinated Si crystal, and prove that there is no direct relation between Si 

coordination and the spectral features. Also the O K-edge XRS penta-SiO2 for 

crystallographically site resolved oxygen (O1 and O2) show similar shape, and prove that 

there is no direct relation between O coordination and the spectral features either. In other 
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hand, the change of spectral features of O K-edge XRS has clear relation with the O-O 

distance, crystal SiO2 with double peak shape O K-edge XRS possess O-O distance shorter 

than ~2.54 . This results indicate that the formation of 2p-hybridzation between oxygen 

orbital may induce the O K-edge XRS spectral change. 
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FIGURE 

Figure 1
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Figure 3
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Figure 8
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Figure A1

48



  Seoul National University 
  Earth Materials Science Laboratory  
 

Figure A2
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Appendix section 

Appendix I. partial density of state (PDOS) for SiO2 polymorphs 

 Figure A2 present the result of calculating the PDOS (for each s-, p- and d- orbital of 

crystallographically inequivalent atom site) for ground state crystalline SiO2 polymorphs in 

the valence band and conduction band regions. O s-orbitals intensity decrease with the 

increasing crystalline density, and show delocalization, broadening of the electron orbitals 

over a large area, in the valence electron region. On the other hand, O s-orbitals intensity 

relatively increase with increasing crystalline density. The discontinuity of the O p-orbital 

near ~-3.5 eV disappear for those SiO2 polymorphs, which consist of SiO5 or SiO6 polyhedral. 

This indicate the lone pair electrons in the 2p-orbital of O atoms form hybridization with the 

vacant 3d-orbital of Si atoms and form new electron bonds. Especially, the high-pressure 

phase crystalline SiO2, consist of SiO6 polyhedral, exhibits a high energy region of the 

conduction band, indicating the pressure-induced shift of conduction band to high energy 

region. The pyrite-type SiO2, appears in the highest pressure region of ~ 270 GPa, present 

the strongest delocalization of O s-orbital and drastic change of O p-orbital, indicating 

pressure induced complex electronic structure near O atom. 

 Figure A2 present PDOS for excited state of the site resolved O atom in SiO2 

polymorphs. The spectrum feature are mostly comes from the O p-orbital in consist with the 

O K-edge XRS spectrum. This is because the excited 1s electron ascend to the 2p* state, and 

these energy, related to the O orbital, decide O K-edge XRS. 
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